rare genetic events such as mosaicism, multiple loci with contributing mutations, and new mutations contribute to disease remained to be established. Refinement of the coupling between clinical data and molecular interpretation is of particular interest because current methods include considerable expert human involvement and are not readily scalable without further automation. Knowledge of pathogenic variation in an ever-increasing number of Mendelian disease genes is growing, 8 as well as an increasing understanding of tolerated loss of function mutations in healthy controls. 9 This study reports findings from clinical whole-exome sequencing evaluations for 2000 consecutive patients.
Methods

Clinical Samples
There were 2000 consecutive, unrelated patient cases in this study who were referred from physicians starting in June 2012 through November 2013 for clinical whole-exome sequencing at the Whole Genome Laboratory of Baylor College of Medicine. The laboratory has been certified by both the College of American Pathologists and the US Centers for Disease Control and Prevention Clinical Laboratory Improvement Amendments of 1988. A request for wholeexome sequencing testing was made solely at the discretion of the referring physician with no inclusion or exclusion criteria and no filtering by the laboratory. 10 The only reason for the laboratory to decline testing was for financial reasons (eg, denial of coverage by insurance). Representative clinical cases are presented in Table 1 as examples of prior diagnostic evaluations for patients referred for whole-exome sequencing. These examples were selected based on verification of completeness of prior laboratory testing and for demonstra-tion of possible outcomes of whole-exome sequencing (total cost for laboratory testing for case No. 218 appears in eTable 1 in the Supplement). The initial 250 cases previously reported were excluded. 1 Requisition and consent forms are available at https://www.bcm.edu/geneticlabs/.
Peripheral blood, tissue, or extracted DNA samples were collected from patients or their parents and submitted with a requisition form, which included informed consent and patient clinical data as previously described. 1 Following pretest counseling for whole-exome sequencing, patients and parents/ guardians were given options of not receiving specific categories of results (detailed later). The phenotypes of the 2000 patients were categorized into 4 groups at the time of wholeexome sequencing data analysis according to the clinical data provided by the referring physician ( Table 2 and eTable 2 in the Supplement).
The neurological group consisted of patients with findings confined to neurological or developmental systems (eg, developmental delay, intellectual disability, autism, speech delay). The neurological plus other organ systems group included findings listed for the neurological group plus at least 1 finding from another organ system, which could include renal, cardiac, gastrointestinal, pulmonary, or multiple congenital anomalies. The specific neurological group included more defined neurological signs and symptoms (eg, ataxia, movement disorder, spastic paraplegia) than the neurological group. The nonneurological group had findings from organ systems other than neurological. The 4 groups were developed by clinical geneticists and medical directors of the laboratory and assignments were made by the laboratory directors at the time of case review and before the results of whole-exome sequencing were known. For cases with complex, overlapping features, consultation with the medical director was performed.
This analysis of deidentified patient data and aggregate clinical genomics data was approved by the institutional review board at Baylor College of Medicine.
Whole-Exome Sequencing and Analyses
A previously described 1 whole-exome sequencing protocol, including library construction, exome capture by VCRome version 2.1, 11 and HiSeq next-generation sequencing and data analysis, 12 was developed by the Human Genome Sequencing Center at Baylor College of Medicine and adapted for the clinical test of whole-exome sequencing. Given our minimum levels of depth of coverage (20 ×) and minimum variant calling requirements, about 94.6% of all single-nucleotide variants (SNVs) and 88.2% of indels (insertions or deletions) could potentially be identified (Box). However, in practice, because the coverage is typically in excess of 20 ×, we can detect greater than 94.5% of all indels. Our interpretation and review process was facilitated by internal annotation databases, a central in-house tracking system of all cases, and automation.
Detailed information about the methods regarding mitochondrial genome sequencing, the single-nucleotide polymorphism (SNP) array, de novo mutation detection, and the statistical analysis appear in the eMethods in the Supplement.
Molecular Diagnosis
The whole-exome sequencing interpretations considered multiple sources of evidence, including the specific variant that was identified, the gene involved, and clinical case history. At the variant level, likely benign variants, including common variants and synonymous or intronic variants that were more than 5 bp from the exon boundaries, were electronically removed as previously described. 1 The filtered variant data were then interpreted via extensive literature and database review to consider potential relevance to disease phenotype, penetrance, segregation or inheritance, disease-causing mecha-nism, and potential pathogenicity of mutations according to the existing and proposed guidelines from the American College of Medical Genetics and Genomics (ACMG) and as previously described. 1, 13, 14 Classification criteria for likely pathogenic and pathogenic variants are described in eTable 3 in the Supplement. Following the variant-and gene-level analyses, a whole-exome sequencing case was further evaluated in search of a molecular diagnosis. A whole-exome sequencing case was classified as molecularly diagnosed if pathogenic or likely pathogenic variants were detected in Mendelian disease genes that over- 
Whole-Exome Sequencing Reporting
The format for reporting of whole-exome sequencing data used the 2-tier strategy as described. 1 In brief, the tier 1 (focused) report included the following 6 variant reporting categories:
(1) deleterious mutations (also known as pathogenic variants) related to the disease phenotype; (2) variants of unknown clinical significance related to the disease phenotype;
(3) medically actionable mutations in genes with potential therapies or established surveillance protocols, including but not limited to the 56 genes recommended by ACMG for medically actionable incidental findings 6 ; (4) autosomal recessive carrier status for genes from the ACMG-recommended population screening panel 15 ; (5) a limited number of pharmacogenetic variants 1 ; (6) clinically relevant pathogenic mutations in the mitochondrial genome, which is a new category not included in our prior study, 1 including deleterious point mutations and large structural rearrangements in the homoplasmic state or in greater than 20% of the heteroplasmic state. Variant reporting categories 4 and 5 include secondary findings that the patients and parents may opt out of receiving. Following the publication of the ACMG guidelines for medically actionable incidental finding genes, 6 the consent form was updated to include an opt-out for non-ACMG incidental findings; this option was available for samples received on or after September 2013.
Tier 2 reporting included deleterious mutations or variants of unknown clinical significance unrelated to the disease phenotype, and predicted deleterious mutations such as nonsense or splice site mutations in nondisease genes. 1 This information may become clinically relevant as new diseasegene relationships become reported in the literature (eg, ARID1B). 1, 16 Results
Demographics of Clinical Cases
The 2000 consecutive cases submitted to the clinical laboratory for whole-exome sequencing testing were primarily pediatric patients. There were 900 children younger than 5 years (45.0%), 845 children and adolescents from 5 to 18 years of age (42.2%), 244 adults older than 18 years (12.2%), and 11 fetal samples from terminated pregnancies (0.6%) ( Table 2 ). The majority of the patients had neurological disorders or developmental delay (87.8%; neurological, neurological plus other organ systems, and specific neurological groups), and only 12.2% of patients had nonneurological disorders (nonneurological group). The clinical presentations of the 2000 patients in terms of most frequent presenting sign or symptom appear in eTable 2 in the Supplement.
Of the 2000 patients, 128 (6.4%) and 154 (7.7%) parents declined reporting for recessive disorders and pharmacogenetic variants, respectively. Of the 190 patients given the opt-out for non-ACMG incidental gene findings, 6 2 (1.1%) opted out of this 
Variants Analyzed
Approximately 200 000 to 400 000 variants were identified in each patient. After removing low-quality variants, approximately 1 750 800 variants were analyzed for the 2000 samples (average of about 875 variants per sample), including about 52 000 deleterious mutations (3.0%), 153 230 variants of unknown clinical significance (8.8%), and 1 545 000 benign variants (88.3%). Review time spent on variant classification is facilitated by accumulated curated information on the pathogenicity, familial study results, and frequency at the vari-ant level. For example, checking inheritance patterns for genes and related genetic disorders has been shortened from approximately 6 hours at the launch of whole-exome sequencing testing on October 2011 to approximately 0.5 hours per case at present. Overall, reporting time per case review is approximately 7 hours, which is an improvement from approximately 18 hours during the initial implementation period.
Molecular Diagnoses
Molecular diagnoses were reported for 504 patients (25.2% [95% CI, 23.3%-27.2%]; Table 2 and eTables 4 and 5 in the Supplement), which is a molecular diagnostic yield similar to our initial study. 1 We divided the 2000 patients into 4 groups based on the phenotypes provided. The rates for molecular diagnosis varied with clinical presentation. The lowest yield was for patients in the nonneurological group (20.1%) and the highest was for the specific neurological group (36.1%) ( Table 2 ).
Mendelian Patterns Observed
The presumed modes of inheritance of the molecular diagnoses included 280 (53.1%) autosomal dominant, 181 (34.3%) autosomal recessive, 65 (12.3%) X-linked, and 1 (0.2%) mitochondrial ( Notably, among the cases with de novo mutations in disease genes, mosaicism of the mutant allele was seen in 5 probands (3 with autosomal dominant and 2 with X-linked disorders) ( Table 3 and eTable 6 in the Supplement), suggesting the mutation occurred after fertilization. In 4 of the 5 patients, the ratio of mutant allele fraction is low, ranging from 10% to 20%, whereas in the fifth patient the mutant allele was predominant with a mutant allele fraction of 76%, as seen by both whole-exome sequencing calls and Sanger sequencing. This could result from lymphocytes reverting back to the wildtype sequence in a subset of cells. In addition, mosaicism in the parental samples of 2 inherited cases was detected (eTable 6 in the Supplement).
Rare Variants Account for the Majority of Mutant Alleles
A total of 708 presumptive causative variant alleles were identified from the 504 positive cases. The majority of the diseaseassociated variants are novel (409/708; 57.8%) as defined by neither being previously reported in public mutation databases nor in patient case reports described in the literature at the time of clinical sign out. There were 237 alleles previously reported (33.5%) in patients described in the literature and 62 heterozygous variants in recessive genes were not previously reported (8.8%) in patients but seen in controls predicting car-
Box. Glossary of Terms
Absence of Heterozygosity
A stretch of the human genome in which there is no evidence of heterozygous (2 different) variant alleles, only apparently homozygous (the same) variant allele. This may result from a deletion on 1 allele, consanguinity, or uniparental disomy (see below).
Copy Number Variation
Gain or loss of large fragments of DNA in the genome.
Depth of Coverage
The number of times uniquely aligned sequence reads cover an exome target nucleotide generated during the next-generation sequencing process.
Medically Actionable Incidental Finding
This term has been used in a variety of clinical and research contexts to indicate unexpected positive findings. Other terms have been used to describe these findings, particularly when they are actively sought (rather than being unexpectedly discovered). We used incidental findings in this article to indicate the results of a deliberate search for pathogenic or likely pathogenic alterations in genes that are not apparently relevant to a diagnostic indication for which the sequencing test was ordered. 6
Molecular Diagnosis
Testing designed to confirm or exclude a known or suspected genetic disorder in a symptomatic individual or, prenatally, in a fetus at risk for a certain genetic condition. 35 
Uniparental Disomy
The situation in which both members of a chromosome pair or segments of a chromosome pair are inherited from 1 parent and neither is inherited from the other parent; uniparental disomy can result in an abnormal phenotype in some cases. 35 Uniparental disomy can occur as a random event during the formation of egg or sperm cells or may happen in early fetal development. It can also occur during trisomy rescue or monosomy rescue. Uniparental disomy can cause autosomal recessive disease gene mutations to be homozygous in a patient (often referred as unmasking the autosomal recessive mutation) because the patient inherits 2 copies of the chromosome with the mutation from 1 parent, conveying a form of non-Mendelian inheritance and leading to the recessive disease phenotype observed in the patient.
rier status at very low frequencies. There is a wide spectrum of mutant alleles among the disease-associated changes, including 346 missense, 149 frameshift, 134 nonsense, 57 splice, 8 in-frame deletions or duplications, 6 large deletions, 5 start codon defects, 1 stop loss (loss of stop codon), 1 promoter region, and 1 mitochondrial DNA mutation (eTable 4 in the Supplement).
Of 6 probands with large deletion mutations, 2 had large deletions encompassing the Prader-Willi/Angelman region on chromosome 15 as identified by chromosome SNP array. The other 4 patients harbored a point mutation or SNV on 1 allele, opposite a large deletion copy number variant on the other allele as identified by chromosome SNP array or chromosomal microarray studies (eFigure 1 in the Supplement). 17 
Recurrent Molecular Diagnoses
The majority of the diagnosed cases (282/504; 56.0%) had mutations in a gene found at least twice in the series (eTable 5 in the Supplement). Approximately 30% of the molecular diagnoses occurred in disease genes that were only recently described in the literature (2011 or later; eFigure 2 in the Supplement). Sixty-five of the 504 molecular diagnoses (12.9%) (eTable 5 in the Supplement) were in genes not available at the time the whole-exome sequencing test was ordered as either a single gene or sequencing panel clinical test as described in the Genetic Testing Registry (http://www.ncbi.nlm.nih.gov/gtr/) or other sources.
Variants at 2 Genetic Loci in 1 Personal Genome Potentially Related to the Phenotype
In this series, 23 patients (4.6% of those with diagnoses and 1.4% of all patients) had mutations at 2 distinct disease loci that were related to the phenotype (Table 3 and eTable 7 in the Supplement). As previously reported, 1 multiple molecular events in 1 patient leading to blended and often complicated phenotypes remains an appreciable cause of disease.
Uniparental Disomy Resulting in Apparently Homozygous Recessive Disease Alleles
In 5 cases, uniparental disomy of a region was indicated by chromosome SNP array data, 2 involving chromosome 2 and 1 each involving chromosomes 3, 9, and 22. Uniparental disomy of chromosomes 2, 3, 9, and 22 can be seen in healthy controls and there is no evidence for imprinted gene expression leading to a clinical phenotype associated with uniparental disomy of those chromsomes. 18 However, in our patients, uniparental disomy caused autosomal recessive disease gene mutations to be homozygous in the proband because the child inherits 2 copies of the chromosome with the mutation from 1 parent, conveying a form of non-Mendelian inheritance and leading to the recessive disease phenotype observed in the patient ( Table 3 and 
Medically Actionable Incidental Findings
In the 2000 cases, 95 medically actionable incidental findings were reported in 92 patients (4.6%). Three patients had more than 1 such finding. In 59 patients (3%), the incidental findings occurred in genes included in the ACMG list of 56 genes recommended to be disclosed. 6 The remaining 33 patients (1.7%) had mutations in genes reported based on our local criteria for reporting of medically actionable results ( Table 4) . Of the non-ACMG findings, 6 were cases of glucose-6phosphate dehydrogenase deficiency (X-linked) and 5 were cases carrying mitochondrial DNA mutations associated with an increased risk of aminoglycoside-induced nonsyndromic hearing loss. We report these 2 disorders given the current recommendations for mutation carriers to avoid exposure to specific agents. Similarly, the incidental finding of Fabry disease in 1 young male patient has direct clinical benefit to the patient and family because of the clinical availability of enzyme therapy. 19 Our protocol returns medically actionable results for the proband but does not automatically report the results for parents. Testing of parents for the medically actionable finding can be ordered free of charge after disclosure of the proband's results. To date, of the 92 patients with incidental findings, 33 parents from 19 families have requested results.
Updated Summary Analysis
We have performed a summary analysis of unselected, unrelated cases completed and reported from the close of the current 2000 case cohort (November 2013) through August 30, 2014, b Each category contains events (eg, de novo, mosaic, etc) that are not mutually exclusive (ie, a mosaic finding is generally also de novo); therefore, the individual events will not sum to the total for each category. c Additional information appears in eTable 7 in the Supplement. bringing the total number of cases included in this report to 3386 cases. The overall molecular diagnostic rate for the total cases remains unchanged at 25% (830 molecular diagnosis of 3386 total cases). Of the additional 1386 patients, the sex distributions were 639 females (46.1%), 740 males (53.4%), and 7 fetuses (0.5%). In addition, 553 were younger than 5 years (39.9%), 676 were 5 to 18 years of age (48.8%), and 150 were older than 18 years (10.8%).
It should be noted that the most recent 457 of these cases were analyzed using an updated capture reagent designed to improve sequence coverage of the exome. 20 A subanalysis of these 457 cases demonstrates a 24% diagnostic rate, which is not significantly different from the main cohort.
Discussion
Data from clinical whole-exome sequencing for 2000 sequentially referred patients allow further insight into both the application of whole-exome sequencing to medical practice and the genomic architecture of Mendelian disease. A molecular diagnosis rate of 25% was observed in our pilot study 1 of 250 cases and has remained consistent in this larger series of predominantly pediatric patients with diverse clinical presentations most notable for intellectual disability and neurological phenotypes. Of the 2000 whole-exome sequencing samples, the molecular diagnosis rate was highest for children with specific neurological findings (36.1%). This category is heterogeneous but was generally characterized by patients with more specific clinical presentations, perhaps facilitating correlations between genotype and phenotype.
Clinical exomes identified a broad range of inheritance patterns and molecular mechanisms for disease. Of patients diagnosed with an autosomal dominant disorder and with parental samples submitted, about 87% resulted from de novo mutations. This finding provides a cautionary note to the application of carrier testing to reduce the burden of genetic disease and demonstrates the need for detecting de novo events prenatally.
We observed an equivalent number of male and female patients diagnosed with X-linked disorders. The X-linked diagnoses in females were in genes known to affect mainly females (4 cases of MECP2, 2 cases of CDKL5) or males and females equally (eg, KDM6A, SMC1A, PDHA1) [21] [22] [23] [24] or were associated with specific phenotypes seen in females (eg, DCX mutation associated with band heterotopia in females vs classic lissencephaly in males). Patients with apparently homozygous mutations causing autosomal recessive conditions were found to result from several molecular mechanisms, including 59 cases inheriting the same rare disease allele from each parent, 5 cases in which uniparental disomy caused homozygosity for a SNV allele, and 4 cases of compound heterozygosity for a point mutation and large deletion copy number variant in the same gene. Autosomal recessive disorders accounted for 34.3% (n = 181) of the molecular diagnoses, in contrast to a previous report of 100 patients with intellectual disability, in which only 1 of 16 patients with probable molecular diagnoses had an autosomal recessive disorder. 25 Excluding the uniparental disomy cases, 68 of our patients were apparently homozygous for the same rare allele of which half (n = 34) were in patients known to have consanguineous parents. The extent of absence of heterozygosity in the remaining patients suggested that an additional 9 had shared ancestry. Overall, homozygous mutations identical by descent may account for 8.5% (43 of 504) of the total positive cases, indicating that consanguinity may play a role in the higher percentage of autosomal recessive disorders observed in our diagnosed patients.
Due to the change in sequencing technology in which each base in the exome is sequenced hundreds of times, wholeexome sequencing allows detection of patients who only carry the mutation in a small percentage of their cells (low-level mosaicism) and enables an improved estimate of the fraction of mutant cells. [26] [27] [28] [29] Five of the 504 diagnosed patients (1%) demonstrated mosaicism for a mutant allele in genes with phenotypic overlap with the patient's presentation.
Approximately 30% of positive cases reported herein harbored presumptive causative mutations in disease genes discovered since 2011, reflecting the benefits of an accelerating pace of disease gene discovery. Whole-exome sequencing testing is a platform suitable for timely incorporation of new disease genes because it interrogates entire coding regions, making it possible to automate the updating of disease gene annotation for clinical reporting, even after the initial analysis is completed. Of the 65 positive cases that would not have been diagnosed by other molecular methods at the time the test was ordered, 13 were identified by reanalysis after the initial whole-exome sequencing report (eTable 5 in the Supplement). It is therefore likely that a significant proportion of undiagnosed cases harbor mutations in still yet to be discovered disease genes. In addition, new capture reagents targeted at poorly covered exome regions are being developed to improve the sequencing of known disease genes not well interrogated in the current assay to further improve molecular diagnosis yield. 20 Two molecular diagnoses were found within the individual personal genomes of 4.6% of the molecularly diagnosed cases. These cases highlight oligogenic models of disease etiology and reflect that simple Mendelian gene effects can compound to yield complex genetic profiles. 30 There has been great attention to the reporting of incidental findings since the ACMG guidelines were published. [31] [32] [33] [34] We have found a stable rate of approximately 3% of patients with mutations reported in the genes on the ACMG list. We identified and reported medically actionable findings in a total of 4.6% of cases when including other loci that by expert opinion of our clinical and diagnostic team are considered to be medically indicated, which is comparable with other studies. 7 Further studies are needed to analyze the clinical utility of this information as at-risk presymptomatic individuals (and their family members) are identified and potentially entered into screening protocols. Debate continues regarding the definition of medically actionable findings and the threshold for reporting.
The limitations of whole-exome sequencing as a diagnostic modality relate to incomplete coverage of exonic regions and evolving knowledge of variant interpretation. The molecular diagnostic rate of 25% may be an underascertainment due to current technical limitations of exome sequencing: (1) to provide 100% coverage of the coding regions due to sequence architecture (eg, high G + C content) and (2) the ability to detect copy number variants. The interpretation of variants as pathogenic, nonpathogenic, or of uncertain significance is based on current information in the literature and databases such as ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and may change as understanding of the genome evolves. Additional data from family studies or further feedback from referring physicians may also help establish more diagnoses. Limitations to knowledge of the clinical utility of wholeexome sequencing relate to incomplete information on patient outcomes. For the 25% of cases that received a molecular diagnosis, this information ended the diagnostic odyssey, provided more informed medical management, and allowed for precise determination of reproductive risks; however, relatively few cases resulted in specific treatment to reverse the condition. Our specific study is limited by the setting in a clinical diagnostic laboratory, which reflects the real-world diagnostic context, but does not allow for collection of complete medical histories, medical records, or prior testing.
In terms of adverse experiences in the reporting of wholeexome sequencing, there were 5 cases of suspected nonpater-nity among the approximately 3000 cases in which wholeexome sequencing was performed. These were uncovered during our validation process of confirming variants identified in the proband in parental samples. Misidentified parentage is a well-described risk of genetic testing and is stated as such in our consent documents. Approximately 5% of cases received a medically actionable diagnosis that was unrelated to the indication for testing. There may indeed be cases in which disclosure of these results has brought anxiety and perhaps increased medical costs in terms of testing and evaluation of other family members; however, this is best addressed in studies of the ethical implications of genome-wide molecular diagnostic approaches.
Conclusions
Whole-exome sequencing provided a potential molecular diagnosis for 25% of a large cohort of patients referred for evaluation of suspected genetic conditions, including detection of a number of rare genetic events and new mutations, contributing to disease. The observed flexibility and yield of wholeexome sequencing suggest that whole-exome sequencing may offer advantages over traditional molecular diagnostic approaches in certain patients.
